Recent studies indicate that impairments in two cognitive domains characterize the cognitive abnormalities that appear earliest in the course of Alzheimer disease (AD). These cognitive domains pertain to memory and executive function ability; in particular, memory test scores ref lecting the difference between immediate and delayed recall and tasks that assess cognitive f lexibility (e.g., set-shifting). Preliminary data indicate that tasks of this nature, along with specific genetic information (i.e., APOE-4 status), are important in identifying which individuals with recent cognitive changes (considered to have ''questionable'' disease) will progress to the point where they meet criteria for AD over time. When this cognitive and genetic information is combined with neuroimaging measures targeted at the brain regions demonstrating pathology early in AD, it may serve as specific and accurate prognostic markers of AD.
Memory changes are generally the earliest cognitive change seen in Alzheimer disease (AD). Changes in executive function ability (which include the abilities responsible for concurrent manipulation of information, concept formation, and goaldirected behavior) also show significant declines early in the course of AD. A variety of neurobiologic measures can be found that reflect these alterations in cognitive function. This paper will review the early cognitive changes associated with AD, their neurobiologic correlates, and present preliminary data concerning predictors of the development of AD in individuals who have changes in memory that suggest they may be developing AD.
Memory Changes in Early AD
Difficulty with the acquisition of new information is generally the first and most salient symptom to emerge in patients with AD. When clinical neuropsychological tests are used to evaluate memory in AD patients, it is clear that recall and recognition performance are impaired in both the verbal and nonverbal domain (1, 2) .
Experimental studies have examined AD patients to determine whether the manner in which information is lost over brief delays is unique in any way to this patient group. The results of these studies suggest that a comparison of immediate and delayed recall performance may be a useful diagnostic measure for identifying patients with AD.
The first such study was conducted by Moss et al. (3) . They compared patients with AD to a group of amnesic patients who had alcoholic Korsakoff syndrome (KS), a group of dementing patients with Huntington disease (HD), and a group of normal controls. All of the subjects were administered the delayed recognition span test (DRST). This task uses disks on which are placed a variety of stimuli (words, colors, faces, patterns, etc.). During the recognition portion of the task, the disks are placed on a board one at a time (there are 16 disks in all). As each disk is added, the board is hidden from view. The subject is then asked to point to the disk that was added during the delay interval. To do this, the subject must keep track of an increasingly long series of disks. The disks are added one at a time, until the subject makes an error. This yields a delayed recognition span for each of the stimuli sets. As shown in Fig.  1 , all of the patient groups are impaired in their recognition performance with respect to controls, but there is overlap among the patient groups. There was no significant difference among the three patient groups in their ability to recognize new spatial, color, pattern, or facial stimuli; patients with HD performed significantly better than the other two groups when verbal stimuli were used.
In the verbal condition of the DRST task (with words on the disks), a recall paradigm was added. At both 15 sec and 2 min after completion of the last verbal recognition trial, the subject was asked to recall the words that had been on the disks. In this condition, the AD patients differ considerably from the other patients. They recall significantly fewer words over this brief delay interval (2 min) than either HD or KS patients. Although all three patient groups were equally impaired relative to normal controls at the 15-sec interval, patients with AD recalled significantly fewer words than either the HD or KS groups at the 2-min interval; in fact, only the AD group performed significantly worse at the longer interval, as compared with the shorter interval ( Fig. 2) . It is notable that by the end of the 2-min interval, 11 of the 12 patients in the AD group The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Abbreviations: AD, Alzheimer disease; KS, Korsakoff syndrome; HD, Huntington disease; DRST, delayed recognition span test; CDR, clinical dementia rating. could recall fewer than 3 of the 16 words presented repeatedly during recognition testing. Of these 11 patients, 7 were unable to recall any of the 16 words at the longer interval. Whereas the KS, HD, and normal control subjects lost an average of 10% to 15% of the verbal information between the 15-sec and 2-min delay intervals, patients with AD lost an average of 75% of the material. This pattern of recall performance demonstrated for the first time that patients with AD lose more information over a brief delay than other patients with amnesic or dementing disorders.
A similar pattern of results has since been reported by numerous other investigators (e.g., refs. [4] [5] [6] . The findings of Hart et al. (5) are particularly notable. They administered a continuous recognition task to AD patients and controls, and equated both groups of subjects for retention 90 sec after the task was completed. They then retested the subjects at 10 min, 2 hr, and 48 hr after completion of the task. The AD patients showed a greater loss of information than the controls between the 90-sec interval and the 10-min interval, but not between the 10-min and 2-hr or 48-hr intervals, suggesting that intervals of 10-min or less may be optimal for differentiating AD patients from other patient groups and from controls.
Since these findings were first reported, additional patient groups have been compared with AD patients on tasks of this nature. These groups, likewise, appear to recall more information after a delay than patients with AD. Milberg and Albert (7) compared the performance of AD patients with that of progressive supranuclear palsy patients. The two groups were equated for overall level of impairment on the basis of the Mattis dementia rating scale (8) and were equivalent in years of education. There was no difference between the patient groups on most of the tasks administered (e.g., vocabulary, digit span forward, similarities, block design); there was, however, a striking difference between the groups on both of the memory tasks (see Fig. 3 ). The AD patients were significantly impaired in comparison to the progressive supranuclear palsy patients on tests of both verbal and nonverbal memory.
A comparison of patients with AD and patients with frontotemporal dementia (9) also demonstrates the severe recall deficits of the AD patients. Here again, patients with AD and patients with frontotemporal dementia, equated for overall level of cognitive impairment, were administered the DRST, which was described earlier. As in the earlier study, the difference in total recall between the 15-sec and the 2-min delay interval (i.e., the savings score) differentiated the groups (Fig. 4 ). The retention of the frontotemporal dementia patients over this delay interval approaches normality, whereas the AD patients lose a substantial amount of information.
In general, these findings suggest that the nature and severity of the AD patients memory disturbance, in relation to delays spanning the first 10 min after encoding, are likely to be the result of a unique pattern of neuropathological and͞or neurochemical dysfunction.
It is important to note that the alterations in memory associated with early AD are substantially different from those associated with age-related changes in memory. Although there are significant declines in delayed recall performance as individuals get older, much accumulated data indicates that these differences pertain to the fact that it takes older individuals longer to learn new information, but once learned, it is retained well over numerous delay intervals (e.g., refs. 10 and 11). For example, if one compares the difference between recall scores on immediate and delayed recall, there are no statistically significant age-related differences (12) . Thus, if one allows healthy older subjects to learn material well (i.e., to the point where few errors are made), they do not forget what they have learned more rapidly than the young. However, if healthy older subjects are not given the ability to learn material to the same level of proficiency as younger individuals, after a delay, less information on average will be retained by the older person. 
Executive Function Changes in Early AD
Recent neuropsychological data also indicate that deficits in executive function may occur early in the course of AD (13) . Most of the tasks that reveal a significant deficit are those that require concurrent manipulation of information, i.e., tasks that require set-shifting, self-monitoring, or sequencing [e.g., the controlled word association task (14) , the trail making test (part B) (15) , and the self-ordering test (16) ]. By contrast, performance on tasks that assess cue-directed attention and verbal concept formation do not appear to be significantly impaired in very mild patients (i.e., patients with mini-mental state exam scores Ն 22).
It therefore seems most likely that the underlying disability of the mild AD patients on the executive function tasks is the result of a primary difficulty with the concurrent manipulation of information. For example, AD patients perform well on part A of the trail making test, a test that requires sustained attention and simple sequencing, but their performance is impaired on part B, which requires tracking two overlearned sequences simultaneously (i.e., numbers and letters) and switching rapidly from one sequence to the other. This is consistent with the findings of Sahakian et al. (17) in mildly impaired patients, using a task that requires shifting between stimulus dimensions, and Baddeley et al. (18) who observed that mild-to-moderately impaired AD patients had difficulty coordinating two concurrent tasks. These results are also consistent with the findings of investigators reporting executive function deficits in AD patients with a broader range of severity (19) (20) (21) (22) . Deficits in the central executive system (20) attributed to difficulties with ''working memory'' are also consistent with these findings.
Changes in Brain Structure in Early AD
The most likely explanation for the abnormalities in memory that characterize the early stage of AD pertains to the damage to the hippocampal formation seen in these patients (23, 24) . In the hippocampal formation, neuronal loss and abnormal formations within the cells (e.g., neurofibrillary tangles and neuritic plaques) are seen primarily in the entorhinal cortex and subiculum, the primary pathways that convey information into and out of the hippocampus. It has been suggested that abnormalities in these regions produce a functional isolation of the hippocampus (24, 25) . These findings suggest that neuropathological damage to medial temporal lobe structures may be responsible for the marked memory impairment evident in the early stages of AD.
These results were first observed in patients with end stage disease; however, they have recently been extended to patients with very mild disease (26) . Most striking is the fact that the entorhinal cortex has neuronal loss of approximately 60% and 40% in layers 2 and 4 of the entorhinal cortex, respectively. Since this region is known to be critically important for the acquisition and retention of new information (27) , abnormalities here are likely to be responsible for the severe anterograde memory loss evident early in the course of AD.
MRI studies focusing on mildly impaired AD patients are entirely consistent with the neuropathological data cited above. They have uniformly reported significant and striking differences between MRI measures of the medial temporal lobe in AD patients and controls. Measures of the hippocampal formation, the parahippocampal gyrus, the amygdalohippocampal complex, and the temporal horn of the lateral ventricles have demonstrated significant differences between mildly impaired AD patients and controls across a wide range of studies, using a variety of techniques (28) (29) (30) (31) (32) (33) (34) (35) . These studies are consistent with computerized tomography (CT) studies showing suprasellar cistern͞temporal horn abnormalities in AD (e.g., refs. [36] [37] [38] .
A recent study comparing regional MRI measures in mildly impaired AD and HD patients indicates that, while several medial temporal lobe regions are sensitive to the presence of AD, the volume of the temporal horn appears to be a measure that is not only sensitive but may be specific in early AD (R. Killiany, M. Moss, M.S.A., T. Nicholson, D. Sax, T. Sandor, and F. Jolesz, unpublished work). The specificity of the temporal horn measure may be related to the fact that the fibers of passage from the entorhinal cortex run adjacent to it. Thus, the temporal horn may be an indirect reflection of the entorhinal cortex damage that appears to typify AD early in its course.
It is important to note that the changes in the brain seen in early AD differ considerably from what is seen with respect to age-related change. Data in monkeys and humans indicate that age-related neuronal loss is highly selective within the hippocampal formation. For example, the subiculum shows a significant age-related loss in humans and a similar trend in monkeys; however, the CA1, CA2, and CA3 fields show no evidence of an age-related neuronal loss (40) (41) (42) , nor does the entorhinal cortex (26) . These data suggest that a comparison of activation patterns in the subfields of the hippocampal formation (e.g., with newer functional imaging MR techniques) may differentiate patients in the very earliest stages of AD from those with age-related changes in memory.
The development of cognitive symptoms, in addition to memory, in AD patients (e.g., cognitive inflexibility and language dysfunction) is likely due to the progression of neuropathological change to cortical regions known to underly these functions or to dysfunction of subcortical regions that project to cortical areas. With respect to the executive function changes seen in the early stages of AD, two explanations appear likely. The first pertains to pathological changes in subcortical structures, such as the basal forebrain, that modulate cortical function (43) . This is consistent with findings that the basal forebrain receives afferent projections from numerous subcortical structures and projects to numerous cortical and subcortical regions (44, 45) ; it can therefore serve as a source of integrated information to the cortex.
The second likely source for the executive function deficits seen in early AD pertains to the loss of neocortical synapses (46) (47) (48) (49) and long cortico-cortical projection systems (50) (51) (52) seen in AD. The partial degeneration of an intracortical projection system early in the course of disease could produce difficulties in tasks that require the rapid and simultaneous integration of multiple types of information. It is therefore of interest to note that recent reports indicate that decreased synaptic density correlates more highly with measures of cognitive function in AD patients than other neuropathological markers, such as plaques and tangles (46, 49) . This is also consistent with the hypothesis that abnormalities in executive function can result from damage that is not anatomically based in the frontal lobes (53) .
It appears unlikely that the executive function abnormalities in early AD can be attributed to dysfunction of the frontal lobes per se. There is little neuropathological evidence to suggest that the frontal lobes have extensive pathology early in the course of disease (54) . For example, positron-emission tomography scan data generally demonstrate that frontal declines in glucose metabolism are a late phenomenon in AD (e.g., refs. [55] [56] [57] .
Predictors of the Development of AD
Based on the foregoing findings, it seems likely that, among a group of older subjects with recent changes in cognitive function (so-called ''questionable AD''), tests of delayed recall and executive function and measurements of medial temporal lobe regions on MRI (such as the temporal horn) would be significant predictors of which subjects would develop AD over Colloquium Paper: Albert Proc. Natl. Acad. Sci. USA 93 (1996) 13549 time. To assess this possibility, a group of 165 subjects have been recruited and are being followed by me and my colleagues. Of these 165 individuals, 124 have recent changes in cognitive function, consistent with the clinical dementia rating (CDR) of questionable AD (i.e., CDR ϭ 0.5). The subjects were administered a lengthy neuropsychological battery and neuroimaging studies during the first year of the study, and are being followed annually to determine which subjects experience progression of their cognitive difficulties. Preliminary findings indicate that tests assessing immediate and delayed recall at baseline are significant predictors of who will be rated as CDR ϭ 1 (i.e., probable AD) over time. When all of the scores from the neuropsychological battery were entered into a regression equation, the significant predictors of progression were: the first delayed recall trial from the California verbal learning test, immediate recall of the figures from the Wechsler memory scale, and the time to completion on trails B of the trail making test. When these baseline scores were adjusted by the ratings in each of the six areas used to generate the overall CDR rating (sometimes known as the sum of boxes), the predictive power of the memory tests was reduced, suggesting that the ratings that generate the sum of boxes reflect difficulties with delayed recall in a manner similar to that of the California verbal learning test. These results also confirm earlier reports that tests of executive function, particularly those related to cognitive flexibility, are altered early in the course of AD (13) . MRI data are incomplete at this writing.
In addition to the factors mentioned earlier, genetic factors also appear to add to the ability to predict who will develop AD over time. To date, four genes have been associated with the development of AD. Three of these genes [on chromosomes 21, 14, and 1 (58-60)] lead to the development of early-onset AD (onset before age 60 or 65). One gene, the apolipoprotein E gene (on chromosome 19) , is associated primarily with late-onset AD (onset after age 60 to 65) (61, 62) . The apolipoprotein E gene has three alleles, designated 2, 3, and 4. The 4 allele (APOE-4) has been shown in numerous studies to be associated with AD (for review, see ref. 39 ). There is a general consensus that APOE-4 is acting as a risk factor for AD, rather than as an etiologic gene.
To examine the effect of apolipoprotein E gene status on the progression of cognitive problems, the apolipoprotein E gene status of each of the subjects in the study of ''questionable'' AD is being evaluated. Although, to date data have only been collected on 101 of the 165 subjects, the results indicate that when a variable representing APOE-4 carrier status was added to the regression equation in which the neuropsychological tests scores that predict progression had been entered, the APOE-4 variable was significant, indicating that knowledge of genetic status improves predictive accuracy.
Conclusion
Taken together, these findings suggest several major conclusions. They indicate that tests of immediate and delayed recall, administered over brief delays, can be used to differentiate AD patients from controls, and from patients with a wide variety of dementing disorders. Preliminary data suggest that these measures, along with tests that assess cognitive flexibility and APOE-4 status, may also be used to identify which persons with recent cognitive changes will develop AD over time.
These findings also suggest that selected, and differing, alterations in the brain are responsible for the cognitive changes with age and for those related to the development of AD. Understanding the nature of these cognitive changes and the brain alterations associated with them, is the first step in developing methods for changing them.
